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Abstract
Using functional complementation with a Schizosaccharomyces pombe genomic library, we have isolated a clone
complementing a G rS phase progression defective mutant. The newly isolated temperature-sensitive mutant, cyj150,1
showed elongated morphology at a restrictive temperature of 368C and DNA content analysis of the mutant indicated a
defect in cell cycle progression at the G rS phase. Sequence analysis of the genomic and cDNA clones complementing this1
elongated phenotype at 368C show that it encodes a protein that has 50% amino acid identity with dihydrolipoamide
dehydrogenase from Saccharomyces cere˝isiae and garden pea. Alignment of the deduced amino acid sequence of S.
 q.pombe dihydrolipoamide dehydrogenase dld1 with glutathione reductase and mercuric reductase revealed extensive
homologies throughout the primary sequence and protein structure, and contained amino acid sequences of the active site
region conserved from prokaryote to higher eukaryote. Gene disruption and tetrad analysis showed that dld1q is an
essential gene for cell viability. Northern analysis indicates that transcriptional expression of this gene is not fluctuated
according to the cell cycle. However, it is certain that malfunction of this Dld1 protein blocks the progression of cell cycle
from G to S phase. The sequence of the dld1q gene is available in EMBLrGenBank under Accession Number L40360.1
q 1997 Elsevier Science B.V.
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1. Introduction
Dihydrolipoamide dehydrogenase dihydrolipo-
q .amide: NAD oxidoreductase, EC 1.8.1.4 is the
 .flavoprotein component E of the multi-enzyme3
pyruvate, alpha-ketoglutarate, and branched-chain al-
pha-ketoacid dehydrogenase complexes that partici-
) Corresponding author. Fax: q82 42 8604597. E-mail:
yoohyang@kribb4680.kribb.re.kr
pate in oxidation-reduction in the metabolic process
w x1 . In eukaryotic cells these multi-enzyme complexes
are located in mitochondrial inner membrane-matrix
compartment and have a role in transferring acyl
group. Twenty three mitochondrial targeting se-
quences have been analyzed with regard to their
potential for forming amphiphilic helices. In eukary-
otic dihydrolipoamide dehydrogenases, there are
twenty one mitochondrial targeting signal sequences
w x2 . The active center of the dihydrolipoamide dehy-
drogenase has a disulfide bridge as a part of the
0167-4889r97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
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w xoxidation–reduction mechanism 1 and amino acid
sequences around this active center cysteine are highly
w x w xconserved in S. cere˝isiae 3 , garden pea 4 , pig,
w xand human 5 , as well as in ferric leghemoglobin
w xreductase from Glycin max 6 , transposon mercuric
w xreductase from Pseudomonas aeruginosa 7 , and
w xglutathione reductase from S. cere˝isiae 3 and Es-
w xcherichia coli 8 . In this report, we present cloning
and characterization of a gene encoding dihydro-
lipoamide dehydrogenase of S. pombe, which func-
tionally complements a mutant, cyj150, that has a
defect in cell cycle progression from G to S phase at1
w xa restrictive temperature 9 . Function of dihydro-
lipoamide dehydrogenase in relation to cell cycle is
discussed.
2. Materials and methods
2.1. Strains and media
The newly-isolated temperature-sensitive mutant
 ywas derived from a haploid strain, ED665 h , ade6-
.M210, ura4-D18, leu1-32 . For gene disruption anal-
ysis and back cross test, a S. pombe diploid strain,
 q qSP286 h rh ade6-M210rade6-M216, ura4-
.D18rura4-D18, leu1-32rleu1-32 and a haploid
 q .strain, ED668 h , ade6-M216, ura4-D18, leu1-32
were used. YE-glucose agar medium and Edinburgh
 .minimal medium EMM were used as described by
w xGutz et al. 10 . When needed, 75 mgrml of adenine,
uracil, or 250 mgrml of leucine was added as a
 .supplement. Phloxin B Sigma Chemical was added
to YE-glucose and minimal agar medium at a concen-
tration of 20 mgrl after autoclave.
( y)2.2. Isolation of temperature-sensiti˝e ts mutants
defecti˝e in cell cycle progression
To isolate S. pombe mutant strains, ED665 strain
 .was mutagenized with ethylmethanesulfonate EMS
to a 40% survival concentration according to the
w xmethod described by Moreno et al. 11 . The mutage-
nesis reaction was stopped by washing with 5%
sodium thiosulfate. The cells were resuspended in
YE-glucose medium, and spreaded onto the same
 .YE-glucose agar plates 200–300 colonies per plate .
The plates were incubated at 238C for 2–3 days and
replicated onto YE-glucose agar plates containing
phloxin B. The duplicate plates were incubated at
238C and 368C for 4–5 days. The colonies that
showed dark red color on the plates at 368C but pale
pink at 238C were selected. The selected colonies
were restreaked onto the YE-glucose agar plates and
incubated at both 238C and 368C. The cells that grew
at 238C but didn’t grow at 368C were selected and
characterized further. One of these mutants, cyj150,
was used in this report.
2.3. DNA content analysis of the tsy mutant by flow
cytometry
To determine DNA contents of the tsy mutant,
flow cytometric analysis was performed by the proce-
w x w xdure from Lew et al. 12 and Costello et al. 13 . The
mutant cells were grown in YE-glucose liquid medium
 .at 238C to mid-log phase A s0.5 , and were600
transferred either to nitrogen deficient EMM 0.003%
.of NH Cl or to fresh YE-glucose medium. The cells4
transferred to EMM were incubated first at 238C for
24–30 h to arrest at the G phase of the cell cycle1
and then were collected, resuspended in YE-glucose
liquid medium, and incubated at 368C for 4–8 h to
induce mutant phenotype. Whereas the cells trans-
ferred to fresh YE-glucose medium were directly
incubated at 368C for 4–8 h. The cell samples 1=
7.10 were collected at each time point, and fixed with
70% ethanol for at least 12 h at 48C. Then the cells
were treated with RNase A Sigma Chemical, 0.1
.mgrml for 2 h at 378C and stained with propidium
iodide solution 0.005% propidium iodide, 0.1%
.sodium citrate, and 0.03% triton X-100 for 2 h. Prior
to flow cytometric measurement, the stained cells
were sonicated briefly to break up cell clumps, and
DNA contents in the cells were analyzed with a
Becton Dickinson Fascan system, FACScane. Anal-
ysis was based on the accumulation of 8000–10 000
cells.
2.4. Cloning and sequencing of dld1q gene
A S. pombe genomic library was constructed in
w xE. coli–S. pombe shuttle vector, pWH5 14 . S.
pombe genomic DNA was isolated from a wild type
y w xstrain, 972h , by the method of Moreno et al. 11 ,
digested partially with Sau3AI, and resolved by su-
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w xcrose density gradient centrifugation 15 . The DNA
fragments of 3–9 kb were collected and ligated into
the Bcl I site in pWH5. The ligated DNA was
transformed into E. coli strain, DH5a , by elec-
trophoration with a Bio-Rad gene pulser. The E. coli
 5.transformants 1=10 carrying the plasmids with
an average insert size of 4 kb were pooled. The
plasmid DNAs were prepared from these pooled
transformants without amplification and used to
transform one of the S. pombe tsy mutants, cyj150.
The S. pombe transformants were first selected by
leucine prototropy at 238C and then were screened
for temperature sensitivity by replica plating onto
minimal agar medium containing phloxin B at a
restrictive temperature of 368C. Of the 1=105 Leuq
transformants, we obtained three transformants that
were viable at 368C. The plasmids were recovered
from these transformants by transforming total S.
pombe DNA into E. coli. The insert DNAs of S.
pombe genomic clones were analyzed and sequenced.
The cDNAs corresponding to the genomic DNA were
also cloned by hybridization of the S. pombe cDNA
w xlibrary in l-ZAP vector 16 with a probe from the
genomic clone. A series of subclones of the genomic
and cDNA clones was constructed in either pUC19,
pUC18, or pBluescriptw SKq. Both strands of the
genomic and cDNA clones were sequenced with a
DNA sequencing kit, Sequenasee United States
.Biochemical, Cleveland, Ohio . To examine the mu-
tation point in the tsy mutant, cyj150, the genomic
DNA was isolated from the cyj150 strain and the
coding region DNA of dld1 gene was amplified by
PCR with the two primers, dld1-N, 5X-ATGT-
T G A A C T C T G T G A -3 X and d ld1 -C , 5 X-
CTAAAAGTGAATACTC-3X, corresponding to the
N- and C-terminal sequences of the dld1 gene, re-
spectively. Then, the amplified DNAs were cloned
into a vector, pBluescriptw SKq. The five different
PCR clones were selected, subcloned, and used to
determine their DNA sequences.
2.5. Gene disruption
A 240 bp Pst I–P˝uII fragment in the coding
q  .region of the dld1 genomic DNA Fig. 5a was
replaced with the 1.8 kb ura4q containing fragment,
and a 4.1 kb BamHI–HindIII fragment from this
construct was used to transform a diploid strain
 y.  .Fig. 1. Morphology of the temperature-sensitive ts mutant cyj150 and its suppressive clones. a Microscopical morphology of the
cyj150 mutant cells and the same cells containing the genomic clone which suppresses tsy phenotype at 368C. Panels 1 and 2 show the
q  .mutant cells grown at 238C and 368C, respectively. Panel 3 shows the mutant containing the dld1 genomic clone grown at 368C. b
 . yGenomic clone of 3.9 kb pYH150 which provides the suppressive function of the elongated ts phenotype and its subclones. The 2.9 kb
 . ypYH153 is sufficient to suppress the ts phenotype.
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y  .Fig. 2. Characteristics of the G rS progression defective ts mutant, cyj150. a, b DNA content analysis of the known cdc mutants and1
the mutant cyj150 by FACScan. Panels 1 show DNA contents in the actively growing cells of cdc2, cdc10, and the mutant cyj150 at
238C in YE-glucose medium. The vertical lines in the left and right indicate the G and G phase DNA, respectively. Panels 2 show those1 2
in the cells transferred to nitrogen starved minimal medium and cultured for 24–30 h at 238C. In panels 3 and 4, the cells were transferred
 .  . yagain to YE-glucose medium, and cultured for 4 h panels 3 and 8 h panels 4 at 368C. The cells showed their ts mutant phenotype and
 .arrested at the G rS or G phase. c DNA content analysis of the mutant cyj150 growing exponentially. Panel 1 shows DNA content in1 2
actively growing mutant cells at 238C in YE-glucose medium. Panel 2 shows that in the same cells transferred to a restrictive temperature,
 .368C, and grown for 8 h in YE-glucose medium. d Back cross of cyj150 with a wild type cell. For tetrad analysis, diploid cells
 y q. q ycyj150h =ED668h were sporulated and dissected. The resulting spores germinated at 368C gave 2 :2 segregation.
( )Y.-J. Jang et al.rBiochimica et Biophysica Acta 1358 1997 229–239 233
SP286. The transformants showing stable Uraq phe-
notype were selected and their chromosomal DNAs
were analyzed by Southern blotting. The diploid strain
carrying one copy of the disrupted dld1 and one copy
of wild type dld1 was used for sporulation. Sporula-
tion competent h90rhq diploids were isolated from
the five stable Uraq diploids by using the iodine
w x q qvapor method 10 . About 4000 cells of a h rh
strain were plated on twenty YE-glucose agar plates,
incubated at 258C for 1 week, and then replica plated
to minimal medium. After 5–7 days, the colonies that
had switched to h90 were selected by iodine staining.
Tetrads from these colonies were dissected with a
micromanipulator.
2.6. Transcriptional expression of dld1q in synchro-
nized cell culture
To examine the expression level of the dld1q gene
during cell cycle progression, the synchronized S.
Fig. 3. Nucleotide sequence and its deduced amino acid sequence of S. pombe dihydrolipoamide dehydrogenase gene, dld1q. The
presumed N-terminal signal sequence of the enzyme is underlined. Asterisks represent the putative sequences around the active center
cysteins. In the tsy mutant cyj150, the dld1 gene has a mutation at the amino acid position 14 as indicated by the circle. The mutation of
T to C at the 40th base causes amino acid change in Phe to Leu.
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pombe cells were used. ED665 cells grown in EMM
 7 .until A s0.5 1=10 cellsrml were incubated at600
308C for 4–5 h in the presence of 12 mM hydrox-
yurea, which arrests the cell at the S phase. The
synchronized cells at the S phase were collected by
filtration and washed with fresh EMM. The cell
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q  . qFig. 5. Disruption of the dld1 gene in a diploid strain. a The construct used for disruption of the dld1 gene is shown schematically.
q  .The 240 bp Pst I–P˝uII fragment in the 3.9 kb genomic DNA was replaced by the 1.8 kb fragment containing S. pombe ura4 . b
Substitution of one of the chromosomal copy of the dld1 gene with the disrupted allele was demonstrated by Southern hybridization
 .  .analysis. The HindIII-digested chromosomal DNAs prepared from a wild type diploid, SP286 lane 1 and disruptants lanes 2 and 3
were separated, blotted, and hybridized with the 570 bp HindIII–Pst I fragment. The upper bands indicate the DNA fragment of the
q  . q yura4 disrupted dld1 gene. c Tetrad analysis. Germination of spores derived from the disrupted diploid strain gave 2 :2 segregation
at 308C.
growth was reinitiated by suspending the synchro-
nized cells in fresh EMM and incubating at 308C.
Aliquots of cell culture were collected at every 30
min. Total RNAs were prepared from the collected
cells and analyzed by Northern blotting with the 2.9
kb genomic DNA probe radioactively labeled by the
random priming method.
3. Results and discussion
3.1. Characteristics of a temperature-sensiti˝e mu-
tant defecti˝e in G rS progression of cell cycle1
Through EMS mutagenesis of S. pombe cells, we
had previously isolated several new temperature-sen-
Fig. 4. Comparison of amino acid sequences of dihydrolipoamide dehydrogenases and other related enzymes. The deduced primary
 .  .  .  .structures of the human DLDHHUM , pig DLDHPIG , garden pea DLDHPEA , S. cere˝isiae DLDHCER , and S. pombe
 .  .DLDHPOM dihydrolipoamide dehydrogenases as well as soybean ferric leghemoglobin LEGHEMO and Pseudomonas aeruginosa
 .transposon mercuric reductase MERREDU are aligned for maximal homology. Asterisks represent the identical amino acid residues and
dots represent the homologous amino acid residues. The black-boxed amino acid residues are active center cysteins and other residues. In
all enzymes, those sequences are very conserved.
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q  .Fig. 6. Transcriptional expression of the dld1 gene according to the cell cycle. a The synchronized cells at the S phase were released
 .from the S phase blockage, and the cell numbers were counted at every 30 min 1–11 . The cell cycle progression was recorded by the
 .increase of cell number. b Northern analysis of the RNAs prepared from each point of the cell growth. The RNAs were probed with the
2.9 kb insert DNA of genomic clone. The transcript level of dld1q did not fluctuate much during the cell cycle progression. The
transcripts at the bottom are 28S and 18S rRNAs visualized by ethidium bromide staining.
sitive mutants defective in G rS cell cycle progres-1
w xsion 9 . One of these mutants, cyj150, showed a
somewhat elongated and swollen cell shape at a
 .restrictive temperature, 368C Fig. 1a, panel 2 , but
showed normal cellular morphology at 238C Fig. 1a,
.panel 1 . Characterization of this mutant through
FACScan analysis indicated that it has a defect in
progression through the G and S phase of the cell1
cycle. As shown in Fig. 2, when the mutant cells,
cyj150, were starved for nitrogen for 25 h at 238C,
cell cycle progression stopped at the G phase Fig.1
.2b, panels 2 as like that in the wild type cells. When
these G -arrested mutant cells were transferred to1
YE-glucose medium and incubated at 368C for upto 8
h, the mutant cells remained at the G rS phase and1
did not progress to the G phase Fig. 2b, panels 32
.and 4 whereas the wild type cells continued to
progress to the G phase. When the mutants, cdc102
and cdc2, which are known to have a defect in G or1
G phase progression respectively, were used in flow2
cytometric analysis simultaneously, the cdc10 mutant
showed arrested phenotype at G , whereas the cdc21
mutant was arrested at the G phase as expected Fig.2
w x.2a, panels 4, and in Ref. 9 . Meanwhile when the
new mutant cyj150 cells growing actively in YE-
medium at 238C were shifted directly to a fresh
YE-medium and incubated at 368C, the cell cycle
progressed from the G to the G phase and remained2 1
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 .at the G phase Fig. 2c, panel 2 . Thus flow cyto-1
metric analysis confirms that the new mutant cyj150
has a defect in cell cycle progression at the G rS1
point at restrictive condition. After 8 h at 368C, the
mutant cells were not viable anymore. Back cross of
this mutant with a wild type cell, showed 2q:2y
segregation of the mutant phenotype at 368C which
suggested that the mutation in cyj150 is a single point
 .mutation Fig. 2d . Genetic complementation test of
the mutant with the known G or G rS tsy mutants,1 1
cdc10, cdc22, and cdc20 showed that the mutant
cyj150 is not allelic to any of the known G rS1
 .mutants data not shown . Thus we consider that it is
a new tsy mutant defective in the G rS phase of the1
cell cycle in S. pombe and was used to identify a
gene which gives this phenotype when mutated.
3.2. Cloning of the dihydrolipoamide dehydrogenase
gene complementing the mutant, cyj150
To identify a gene defective in the mutant cyj150,
we introduced a S. pombe genomic library to this
mutant and selected a clone suppressing the tsy
phenotype of cyj150 at 368C. Three transformants
that showed Leuq and wild type morphology at 368C
were further characterized. Isolation of the plasmid
DNA from one of the transformants showing the wild
 .type morphology at 368C Fig. 1a, panel 3 enabled
us to identify an insert DNA of 3.9 kb which pro-
vided a suppressive function of the elongated tsy
 .phenotype Fig. 1b, pYJ150 . Subcloning of this 3.9
kb DNA revealed that a 2.9 kb DNA fragment
 . ypYJ153 is sufficient for suppression of this ts
phenotype. Several cDNAs containing the full open
reading frame sequences were also obtained by
screening the l-S. pombe cDNA library with the 2.9
kb genomic DNA probe. DNA sequence analysis of
the genomic and three cDNA clones indicated that it
encodes dihydrolipoamide dehydrogenase of S.
pombe.
3.3. Sequence of the S. pombe dihydrolipoamide de-
hydrogenase
The nucleotide sequence of the cDNA clone and
its deduced amino acid sequence are shown in Fig. 3.
The amino acid sequence of this cDNA was highly
homologous with that of the dihydrolipoamide dehy-
 .  .drogenase Dld from many species Fig. 4 . Thus,
q we designated this clone, dld1 dihydrolipoamide
.dehydrogenase of S. pombe. The precursor form of
dihydrolipoamide dehydrogenase contains 512 amino
acid residues and putative signal sequences that are
rich in basic and hydroxylated amino acid residues
 . w xare present at the N-terminus Fig. 3, underlined 3 .
This feature is characteristic of presequences of the
w xmitochondrial matrixrinner membrane proteins 2 .
Thus, the mature protein of S. pombe dihydro-
lipoamide dehydrogenase seems to consist of the 491
amino acid residues. It is noteworthy that the amino
acid sequences surrounding the putative active site as
indicated by the asterisks in Fig. 3 are identical with
the sequences of Dld proteins from many other species
w x3–5 . This active center region is shown to be
conserved in the dihydrolipoamide dehydrogenase
 .from other species Fig. 4, black boxed sequences .
3.4. A single amino acid change in Dld1 causes a cell
cycle progression defect at G1rS
To examine whether the cell cycle defect shown
by the mutant cyj150 is due to the mutation in the
dld1 gene that we have cloned by functional comple-
mentation of cyj150, the chromosomal copy of the
dld1 gene in the mutant cyj150 was cloned by PCR
and analyzed by determining its nucleotide sequence.
The sequence T at the amino acid position 14 was
shown to be changed to C, which causes substitution
 .of phenylalanine to leucine Fig. 3 circled . The
single amino acid substitution in the signal peptide
region seems to cause malfunction of the Dld1 at the
restrictive condition. It is likely that alteration of the
amino acid at position 14 may affect the amphiphilic
helical structure of the signal peptide causing change
in the protein targeting to mitochondria. As a result
this may affect the function of this enzyme. When we
analyzed five independent PCR clones, all changes
were observed at position 14. Thus we suggest that
the single point mutation at the amino acid position
14 of the Dld1 in the mutant cyj150 attributes to the
defect in cell cycle progression of the S. pombe cell
at a restrictive temperature.
3.5. Disruption phenotype of dld1q gene
To investigate the function of the dihydro-
lipoamide dehydrogenase in S. pombe, we carried
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 .out gene disruption analysis Fig. 5a . Disruption of
one of the chromosomal copies of the dld1q gene
with the ura4q gene in a diploid strain, SP286, as
confirmed by Southern analysis of its chromosomal
 . q yDNA Fig. 5b , showed 2 :2 segregation for cell
 .growth Fig. 5c . This observation indicated that the
function of the Dld1 is essential for normal cell
growth, and lethality of the disruption phenotype
correlates to the tsy phenotype of mutant cyj150 at a
restrictive temperature of 368C.
3.6. Transcriptional expression of the dld1q gene
during the cell di˝ision cycle
Since the tsy mutation in the dld1q gene causes
cell cycle arrest at the G rS phase, we examined1
whether expression of the dld1q gene in S. pombe is
fluctuated according to the cell cycle. Northern analy-
sis of the total RNAs from wild type S. pombe cells
grown in EMM showed a 1.8 kb transcript. The same
analysis of the RNAs from the synchronized cells
released from the S phase arrest showed that the
transcript level of the dld1q did not change signifi-
 .cantly during cell cycle progression Fig. 6 . Even
though we could not exclude the possibility of
changes at the post-transcriptional level, it is apparent
that transcription of the dld1q gene is not cell cycle
dependent. When we consider that this gene is essen-
tial for cell growth, it is probably reasonable to think
that expression of this gene may consistently be
required throughout the cell cycle for ATP produc-
tion.
Since dihydrolipoamide dehydrogenase is a com-
ponent of the pyruvate dehydrogenase multi-enzyme
complex responsible for acyl group transfer in
catabolic processes, it must be an indispensable com-
ponent in the cell. This is supported by our observa-
tion that deletion of this gene in S. pombe is lethal.
The fact that temperature-sensitive mutation in this
gene leads to cell cycle arrest at G to S progression1
supports that in the absence of the functional Dld1,
the cell can not go through the proliferative cell
cycle. Since conversion of pyruvate to acetyl CoA by
the pyruvate dehydrogenase complex is an essential
step before entry into the TCA cycle which generates
ATP, misfunction of one of these enzyme complexes
prevents the energy supply for the cell growth which
results in cell death. Even though the detailed mecha-
nism by which the cell cycle is arrested at G rS in1
dld1-defective cells is not clear, it is our observation
that a mutation in the dld1 gene prevents the S.
pombe cell from being progressed to the G rS cell1
cycle at a restrictive temperature. Recently, Saitoh et
w xal. 17 proposed that the two key enzymes, fatty acid
synthetase and acetyl CoA carboxylase, which are
necessary for fatty acid synthesis, were involved in
mitosis. They showed that the fission yeast mutants
defective in these enzymes, cut6 and lsd1, had the
phenotype of aberrant mitosis, and that fatty acids,
the products of these enzymes, were directly or indi-
rectly required for chromosome segregation. Together
with their report, our observation that a defect in the
dld1 gene causes cell cycle blockage suggested that
metabolic enzymes or their products are important for
cell cycle progression in fission yeast. We speculate
that acetyl CoA, the product of pyruvate dehydroge-
nase complex, may be involved in the regulation of
the cell cycle progression.
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